The short-rib polydactyly syndromes (SRPS) encompass a radiographically and genetically heterogeneous group of skeletal ciliopathies that are characterized by a long narrow chest, short extremities, and variable occurrence of polydactyly. Radiographic abnormalities include undermineralization of the calvarium, shortened and bowed appendicular bones, trident shaped acetabula and polydactyly. In a case of SRPS we identified compound heterozygosity for mutations in IFT52, which encodes a component of the anterograde intraflagellar transport complex. The IFT52 mutant cells synthesized a significantly reduced amount of IFT52 protein, leading to reduced synthesis of IFT74, IFT81, IFT88 and ARL13B, other key anterograde complex members. Ciliogenesis was also disrupted in the mutant cells, with a 60% reduction in the presence of cilia on mutant cells and loss of cilia length regulation for the cells with cilia. These data demonstrate that IFT52 is essential for anterograde complex integrity and for the biosynthesis and maintenance of cilia. The data identify a new locus for SRPS and show that IFT52 mutations result in a ciliopathy with primary effects on the skeleton.
Introduction
Ciliopathies comprise a spectrum of disorders resulting from the defects in the biosynthesis and/or function of primary cilia (1, 2) . A subset of the ciliopathies have primary abnormalities of the skeleton and these include Ellis-van Creveld syndrome (EVC; OMIM 225500), cranioectodermal dysplasia (CED, also known as Sensenbrenner syndrome; OMIM 218330), asphyxiating thoracic dystrophy (ATD, also known as Jeune syndrome; OMIM 208500 and others), and the perinatal lethal short ribpolydactyly syndromes (SRPS; OMIM 208500 and others) (3) . The SRPS are genetically and radiographically heterogeneous but all have small chests with markedly short ribs, micromelic limbs, reduced bone mineralization, and many cases have polydactyly. Visceral abnormalities can include cystic kidneys and livers and structural abnormalities of the heart. All forms of SRPS are thought to be inherited in an autosomal recessive manner.
Many of the gene defects characterized in the skeletal ciliopathies affect the components of ciliary intraflagellar (IFT) transport (2) . IFT is a highly evolutionarily conserved process that serves to transport structural and signalling components along the ciliary axoneme from the cytoplasm to the ciliary tip via anterograde transport and then back to the cytoplasm via retrograde transport (4, 5) . The IFT-B anterograde complex is powered by kinesin motors and consists of 9 core components (IFT22, IFT25, IFT27, IFT46, IFT52, IFT70, IFT74, IFT81, and IFT88) and several peripheral subunits (IFT20, IFT54, IFT57, IFT80, IFT172, and others) (5) . The IFT-A retrograde complex uses dynein motors and consists of 6 primary components (IFT43, IFT121/WDR35, IFT122, IFT139/TTC21B, IFT140, and IFT144/ WDR19) and other ancillary proteins. These complexes interact with ciliary cargos and the anterograde and retrograde motors to facilitate axonemal transport. In Caenorhabditis elegans mutants, IFT-B subunit mutations primarily block assembly of cilia while IFT-A subunit mutations have been shown to lead to structurally and/or functionally defective cilia (6) .
To date mutations in 10 genes have been found in cases of SRPS. DYNC2H1 (7, 8) , which encodes a retrograde (IFT-A) motor, is the main locus, and mutations in six additional genes encoding retrograde transport components [DYNC2LI1 (9), WDR34 (10), WDR60 (11), WDR35 (12), IFT140 (13), and TCTEX1D2 (14)] have also been characterized. Mutations in the gene encoding the IFT-B complex member IFT80 (15), the NEK1 kinase gene (16) and the KIAA0586 (17) centrosomal protein gene, have also been found to be responsible for SRPS. Among the non-lethal skeletal ciliopathies, mutations have been characterized in retrograde transport IFT-A component genes WDR19/IFT144 (18), IFT122 (19), IFT43 (20) , and TTC21B/IFT139 (21); IFT-B complex component IFT172 (22); and two genes [EVC (23) , EVC2 (24) ] that encode basal body proteins. Mutations in a number of these genes can cause phenotypes along a spectrum of skeletal severity.
In this study, we report a non-consanguineous family with two fetuses affected by SRPS. Exome sequencing revealed compound heterozygosity for two mutations in IFT52. The mutations resulted in dramatic reduction of the protein product in cultured cells from mutant fibroblasts and chondrocytes, and reduced levels of several IFT-B core proteins, suggesting that IFT52 is central to anterograde complex assembly. Consequently, there was an absence of ciliogenesis in a high proportion of the cultured cells, and a loss of length regulation in the cells that had cilia. These data demonstrate that IFT52 is essential for ciliogenesis and cilia architecture as well as for IFT-A complex stability, and that mutations in IFT52 results in a ciliopathy with primary effects on the skeleton.
Results

Clinical description of the SRPS case
We studied a non-consanguineous family (International Skeletal Dysplasia Registry reference number R98-277) in which consecutive pregnancies resulted in prenatally identified fetuses with SRPS. Radiographic findings, taken at 20 and 23 weeks of gestation, respectively, were consistent between the two fetuses and showed undermineralized skulls, narrow thoraces with moderately shortened ribs and sharp angulations of some lower thoracic ribs, a flat appearance to the acetabular roofs, reverse campomelia of the humeri, mildly bent femurs, and no polydactyly ( Figure 1A ). These findings were consistent with a diagnosis of a form of SRPS. Histology of the cartilage growth plate from the second fetus (R98-277B) showed a very short and disorganized hypertrophic zone suggesting impairment of the transition from proliferating to hypertrophic chondrocytes, and an irregular margin at the transition between cartilage and bone ( Figure 1B) .
Identification of mutations in IFT52 in a case of SRPS
To define the molecular basis of this SRPS case, exome sequencing was carried out as previously described (9) using DNA from case R98-277B under an approved human subjects protocol. Assuming recessive inheritance, the exome variants were filtered to focus on genes with homozygosity for a single variant or compound heterozygosity for two variants. All nonsynonymous substitutions and variants affecting splice junction consensus sequences were annotated. The data were reviewed for variants in genes known to be associated with SRPS as well as other skeletal ciliopathies, and causative mutations at all of these loci were excluded. The data were then filtered against the variants listed by the Exome Sequencing Project (ESP) (25) and the Exome Aggregation Consortium (ExAC) (26) to remove all variants with population frequencies of 1% or more. In some instances genes could be excluded because both variants were inherited from the same parent and thus carried on the same allele. Eight genes were left as a result of the above filtering process (Supplementary Material, Table S1 ). Subsequently, variants in genes with a possible role in cilia were identified under the hypothesis that SRPS would result from a defect in cilia function. One gene, IFT52 at chromosome 20q12.13, was a particularly attractive candidate because the IFT52 protein is one of the IFT-B core components and partial loss of IFT52 function for the mouse orthologue resulted in multiple defects that arose during mouse embryogenesis, including left-right and ventral midline defects, abnormal craniofacial development, defective Hedgehog (Hh) signaling and polydactyly (27) . These features were reminiscent of SRPS.
Compound heterozygosity for two variants was found and both were confirmed by Sanger sequence analysis ( Figure 2 ). The first variant, which was inherited from the mother, was a single base deletion (c.878delT) in exon 10 that predicted a frameshift and premature stop codon (pLeu293AlafsX21), indicative of a null allele. The second variant was inherited from the father and was a missense change (c.595G > A) that implied a p.Ala199Thr substitution. Ala199 is evolutionarily conserved from humans to zebrafish (PhastCons ¼ 1) (28) and the predicted consequence is deleterious (SIFT ¼ 0.01) (29) . Neither variant was found in public SNP databases, indicating that they are not common polymorphisms in the population.
Reduced IFT52 in SRPS fibroblasts
To define the consequence of the mutations at the RNA level, RT-PCR was performed using RNA extracted from cultured fibroblasts derived from case R98-277B and from normal controls, using primers that flank exon 7, which contained the missense mutation. Sequence analysis of the RT-PCR product revealed only sequences derived from the missense allele, c.595G > A ( Figure 3A) , suggesting that the transcript containing the frameshift variant was degraded through nonsense-mediated mRNA decay. Western blot analysis demonstrated significant reduction of IFT52 at the protein level in both fibroblasts and chondrocytes, whether the experiments were carried out in serum replete media or under reduced serum conditions used to promote ciliogenesis ( Figure 3B ). These data were consistent with instability and degradation of the protein product of the missense allele and an overall dramatic reduction of IFT52 in SRPS cells.
Destabilization of the IFT-B complex due to defects in IFT52
To determine the effect of defective IFT52 on other IFT-B components, Western blot analysis was used to quantify the demonstrating irregularity of the border between the hypertrophic zone (H) and bone (B) and the very short hypertrophic zone (the boxed area is expanded on the right). Scale bars are 100 mM.
expression of several IFT-B proteins by SRPS fibroblasts. Although the interactions among IFT proteins remain incompletely characterized, IFT52 has been shown to be a central part of the IFT-B core and directly interacts with IFT88 and IFT70 via its central domain and IFT46 and IFT74 via its C-terminal domain (30) , as diagrammed in Figure 4A . IFT81 and IFT88 proteins were both reduced in SRPS cells in either the presence or absence of serum. In the presence of serum, neither control nor mutant cells synthesized detectable IFT74. However, under serum-free conditions, control cells synthesized IFT74 while synthesis was significantly reduced in SRPS cells ( Figure 4B ). Taken together, these observations suggest that abnormal IFT52 impairs anterograde IFT-B core assembly.
To further explore the extent to which, apart from the core components, IFT52 abnormalities affected the IFT-B complex, the protein level of ARL13B, a membrane-associated small GTPase critical for the ciliary axoneme structure (31), was determined. The C. elegans orthologue of ARL13B has been shown to interact with IFT74 and IFT46 in C. elegans (32) (Figure 4A ). Similar to the IFT-B core components, there was decreased ARL13B protein in the SRPS fibroblasts compared with control ( Figure 4B ). These data are thus consistent with the hypothesis that IFT52 is essential for the maintenance of the IFT-B core and the overall IFT-B complex.
IFT52 is required for the anterograde transport of IFT88
To examine the effect on IFT anterograde transport upon mutation of IFT52, the reduced amount of IFT88 observed by Western blot in the cultured cells was localized using immunofluorescence staining. In ciliated control fibroblasts we observed IFT88 at both the basal bodies and tips of the cilia ( Figure 5 ). By contrast, in ciliated SRPS cells IFT88 was indistinguishable from background fluorescence and therefore could not be reliably associated with cilia ( Figure 4B and 5) . These data are consistent with a defect in anterograde transport in IFT52 mutant SRPS cells. figure. (B) Whole-cell lysates from SRPS case and control fibroblasts were analyzed by Western blot using antibodies to IFT-B core proteins and ARL13B. The levels of these proteins in IFT52 mutant cells were markedly decreased, especially upon the stimulation of ciliogenesis in reduced serum media (n ¼ 3, *P < 0.05).
Abnormal cilia abundance and morphology with loss of IFT52
To assess the effect of the IFT52 mutations on ciliogenesis, cilia abundance and morphology were characterized in the SRPS fibroblasts and controls after 48 h of serum starvation. Cilia were co-immunostained with antibodies to ARL13B and acetylated a-tubulin ( Figure 6A ). Concordant with other studies describing the consequences of dysfunction of IFT-B complex components (22, 33) , the SRPS cells had significantly fewer ciliated fibroblasts compared with the control (SRPS mean 40.2% ciliated cells vs. control mean 79.2%, student's t-test P-value¼ 0.0002, Figure 6B ). Among the ciliated SRPS cells, the average length of cilia was shorter than in controls (SRPS vs. control mean length: 2.89 lm vs. 3.51lm, student's t-test P-value: 6.312e-05). Moreover, among the $150 ciliated cells measured in the SRPS cells, there was loss of length regulation, with mutant cells having a more diverse length distribution, with an increased number of both highly shortened and elongated cilia relative to control cells ( Figure 6C ). These observations indicate that both ciliogenesis and cilia length regulation are defective in the IFT52 mutant cells.
Discussion
Through identification of IFT52 mutations in a case of SRPS, this study demonstrates the central role that IFT52 has in the stability of the IFT-B complex and the dramatic effect on skeletogenesis that results from its absence. SRPS was the result of compound heterozygosity for a missense mutation and a single base deletion leading to a frameshift. The frameshift mutation led to loss of the transcript from that allele, while the missense change destabilized IFT52 in cultured cells. The substitution implied by the missense mutation, p.Ala199Thr, was located within the N-terminal 'GIFT' [for GldG, intraflagellar transport (IFT)] domain. While the specific function of this domain is unknown, its sequence is highly conserved from archaea to eukarya (34) .
IFT52 is essential for maintaining the IFT-B complex, as the IFT52 mutations led to the reduction of the levels of multiple IFT-B proteins, as originally defined in Chlamydomonas (35) . Accordingly, in our study, there was a dramatic reduction of IFT74, IFT81, IFT88, and ARL13B, all members of the IFT-B anterograde transport complex. During IFT-B complex assembly, IFT74 and IFT81 bind to each other and form a subcomplex with IFT27, IFT25 and IFT22 and then attach to a second subcomplex composed of IFT52, IFT88, IFT70 and IFT46, interacting directly with the C-terminal domains of IFT52 and IFT46 (30) . These studies are concordant with recent high-resolution crystal structures detailing interactions between IFT70 and IFT52 as well as between IFT52 and IFT46 (30) . Destabilization of the IFT-B core in SRPS is thus consistent with the central role of IFT52 in connecting the IFT-B core.
The role of IFT52 in the assembly of the IFT-B complex has also been observed in other species with defects in IFT52, which also result in defects in ciliogenesis in these organisms. In C. elegans, the cilia of the osm-6/ift52 mutant lacks ciliary axonemal microtubules beyond the transition zone (36) . In the Chlamydomonas mutant of the IFT52 orthologue Bld1, the IFT-B complex is disrupted and flagella are completely depleted (35) . Despite being the a component of the same complex, in Chlamydomonas the ift52 mutant has much more pronounced effects on IFT-B complex stability than ift88 and ift46 mutants, again reflecting the central organizational role of IFT52. Similarly, knockdown of ift52 in zebrafish resulted in fish with an abnormally curved body axis and pronounced ciliary defects characterized in nasal epithelia (37) . Finally, hypomorphic mouse Ift52 mutants exhibited skeletal abnormalities, craniofacial defects and polydactyly as well as tight mesencephalic flexure, left-right and ventral midline defects (27) . The recent structural studies of IFT-B core complex assembly provides a molecular rationale for the various ciliary phenotypes observed among these species, showing that the role IFT52 has in linking IFT88, IFT70, and IFT46 to the rest of the IFT-B core complex and indicating that defects in IFT52 lead to loss of these interactions and degradation of the other complex proteins. Thus IFT52 function appears to be evolutionarily conserved from Chlamydomonas to humans.
IFT52 is also required for localization of the IFT-B complex proteins. Immunoelectron microscopy studies have revealed that IFT52 clusters along the transition fibres and functions as a docking site for complex B proteins attaching to the transition fibres of the basal bodies (35, 38) . In Chlamydomonas, the complex B proteins are restricted to the proximal ends of basal bodies in the absence of IFT52 (35) . Consistent with these observations, we observed loss of IFT88 signal in the cilia of SRPS fibroblasts, revealing a similar disruption of anterograde transport with the loss of IFT52.
Identification of IFT52 as a locus for SRPS underscores the importance of both anterograde and retrograde transport in cilia function in the skeleton, a finding bolstered by the recent characterization of an IFT52 mutation in a related but milder skeletal phenotype (39) . Still unanswered is why defects in some ciliary proteins have such a pronounced effect on skeletal development. As the hierarchies of assembly of the IFT-B and IFT-A complexes are uncovered by studying cells from SRPS cases with mutations at the known loci, and as mutations at new loci are discovered through the study of additional SRPS cases, how such defects so severely and selectively affect the skeleton is expected to become apparent.
Materials and Methods
Exome sequencing and variant filtering
Genomic DNA was isolated from cultured fibroblasts derived from case R98-277B and from peripheral blood of both parents using standard procedures. The study was carried out under an approved University of California at Los Angeles human subjects' protocol and written informed consent was obtained from the parents. Library construction and exome sequencing of DNA from the proband was carried out at the University of Washington Center for Mendelian Genomics. The exome-sequencing library was prepared with the NimbleGen SeqCap EZ Exome Library v2.0 kit and sequenced on the Illumina GAIIx platform. Reads were mapped with Novoalign and variants called using the Genome Analysis Toolkit following their Best Practices recommendations (40, 41) . Variants were filtered against public databases and annotated as previously described (9) . The variants in IFT52 identified in case R98-277B were confirmed by Sanger sequence analysis of amplified DNA from the case and both parents. Primer sequences used were: IFT52-exon 7, F: 5'-CTTACAGGGCTC TCACCTTTGT-3'; R: 5'-GCAGGAAGACCAGTGAGAAAAC-3'; and IFT52-exon 10, F: 5'-CTTGCTCTTGCTGTGCTAAAAG-3'; R: 5'-CAGCCCAGTTTCTTTGTTGAC-3'.
Reverse transcriptase PCR
RNA from cultured fibroblasts established from SRPS case R98-277B and a control fibroblast cell line was extracted using TRIZOL (Invitrogen) according to the manufacturer's protocol. First strand cDNA was synthesized using SuperScript III FirstStrand Synthesis SuperMix (Invitrogen), and a 208 bp fragment containing exon 7 of IFT52, was amplified using primer sequences F: 5'-CTGGGATCATTGATGAGGAAAG-3'; R: 5'-ATGTG ACATGAACCAAGCACTG-3'.
Western blot analysis
Cultured fibroblasts and chondrocytes from the case and controls were grown in DMEM supplemented with 10% fetal bovine serum (FBS). Cells were washed with PBS and incubated with 0.5% FBS containing media for 48 h in order to promote ciliogenesis. Cells were lysed with 1X RIPA Buffer supplemented with 1 mM PMSF and a protease inhibitor cocktail (Roche) at 4 C for 30 min and extracted proteins were recovered in the supernatant after centrifugation at 16,000g for 10 min. 60-100 lg of lysate was used for each sample to be separated by 10% SDS-PAGE, and immunoblotting used the following primary antibodies: GAPDH 
Immunofluorescence
Cultured fibroblasts from the case and control were seeded into 16-well plates at a density of 2.5Â 10 4 cells per well and allowed to grow overnight. Cells were then serum starved for 48 h and fixed with 4% paraformaldehyde for 15 min at room temperature. Cells were permeabilized using 0.1% triton-X-100 in PBS for 5 min at room temperature. Cells were blocked with 5% goat serum (Invitrogen) for 1 h at room temperature and then incubated with primary antibodies overnight at 4˚C. After washing with PBS, cells were incubated with Alexa Fluor 488/568-conjugated secondary antibodies (1:400; Invitrogen and Jackson ImmunoResearch) in PBS with 5% goat serum for 1 h at room temperature. The nuclei were stained with DAPI (Invitrogen) after the secondary antibody incubation (1:1000 dilution in 5% goat serum for 10 min at room temperature). Cells were extensively washed with PBS between each step.
Cilia abundance and ciliary length measurements
Ciliary axonemes and basal bodies were stained overnight at 4 C using mouse anti-acetylated a-tubulin (1:2000; 6-11B-1;
Sigma-Aldrich T6793), and rabbit anti-ARL13B (1:150; Proteintech 17711-1-AP) antibodies, respectively. Images were recorded using a Zeiss LSM780 microscope (Â63 magnification, Carl Zeiss) and Axio Imager with Apotome (Â20 magnification, Carl Zeiss). Mean numbers of ciliated cells were calculated from 324 SRPS cells and 287 control cells from four individual regions randomly selected from the plate. Cilia lengths were measured for 155 ciliated SRPS cells and 159 ciliated control cells randomly selected from the same plate. Data from SRPS and control cells were compared using the Protected Least Significant Difference (PLSD) of Fischer, with significance determined using the Student's t-test.
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